Germanium nanocrystals (Ge NCs) have potential to be used in several optoelectronic applications such as photodetectors and light-emitting diodes. Here, we report a solid-state route to synthesizing Ge NCs through thermal disproportionation of a germania (GeO X ) glass, which was synthesized by hydrolyzing a GeCl 2 Ádioxane complex. The GeO X glass synthesized in this manner was found to have residual Cl content. The process of nanocrystal nucleation and growth was monitored using powder X-ray diffraction, transmission electron microscopy, X-ray photoelectron spectroscopy and Raman spectroscopy. Compared to existing solid-state routes for synthesizing colloidal Ge NCs, this approach requires fewer steps and is amenable to scaling to large-scale reactions.
Quantum dots have tremendous potential for several optoelectronic applications due to their unique properties; 1-3 however, many quantum dot materials contain toxic elements such as Cd and Pb. This has motivated a search for other nanocrystal systems, including Group IV semiconductors (Si, Ge, and Sn). [4] [5] [6] Ge NCs are thought to be promising for a variety of applications such as lightemitting diodes, 7, 8 nonvolatile memory, 9 field-effect transistors, 10 lithium ion batteries, 11 and near-infrared photodetectors.
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Several synthetic methods for preparing Ge NCs have been reported, including solution-phase synthesis from Zintl salts, 13, 14 plasma-based synthesis, 15 thermal processing of sol-gel derived from organogermanium, [16] [17] [18] decomposition of organogermanes in supercritical fluids, 19 microwave-assisted colloidal synthesis, 20, 21 and hot-injection based arrested precipitation. 7, 22 Very recently, there have been reports of solid state approaches using a Ge(OH) 2 precursor. [23] [24] [25] These approaches used Ge(OH) 2 that was derived from GeO 2 , followed by thermal annealing to induce dehydration and disproportionation, ultimately resulting in Ge NCs suspended within a germania matrix.
In this report, we departed from this strategy by synthesizing GeO X through the hydrolysis and subsequent dehydration of GeCl 2 . 26 Compared to previous approaches, the GeCl 2 precursor has the advantage of being hydrolyzed by water at room temperature to instantly form Ge(OH) 2 , which can subsequently be dehydrated to form GeO X . The GeO X was subsequently used as a solid-state precursor for synthesizing Ge NCs by thermal disproportionation. Freestanding Ge NCs could be liberated by mixing the oxide-embedded Ge NCs with deionized water to selectively etch the matrix. Further surface modification could be achieved by first hydrogen terminating the Ge NC surfaces using a hydrofluoric acid (HF) solution followed by heating in the presence of a terminal alkene to induce hydrogermylation, which resulted in alkyl-terminated Ge NCs. In a typical reaction, GeCl 2 Ádioxane was hydrolyzed with water and dried under vacuum and heated to form a yellow powder that was subsequently annealed in N 2 at elevated temperatures. We use powder X-ray diffraction (XRD) to identify the processing temperature at which crystalline Ge begins to appear (Fig. 1) . The XRD pattern of the hydrolyzed GeCl 2 Ádioxane (prior to annealing) exhibits broad amorphous features centered around 31.41 and 50.81 2y. Previous studies from Javadi et al. 24, 25 and Sun et al.
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also reported amorphous features from GeO 2 -derived GeO prior to annealing; however these amorphous scattering features were at slightly lower angles (27.51 and 501 2y) and were attributed to amorphous germanium. 24, 25 The different positions of the amorphous features in the precursors indicate that our samples may possess a different composition from the previous studies. Differential scanning calorimetry (DSC) reveals an exotherm that we hypothesized to coincide with the decomposition of the precursor and formation of Ge nuclei around 250 1C (Fig. S1 , ESI †). From XRD pattern, the precursor remains amorphous through dehydration at 250 1C, and upon continued heating up to 325 1C. Upon heating to 325 1C, peaks corresponding to diamond cubic Ge and hexagonal GeO 2 emerge. At higher temperatures, the relative intensities of cubic Ge reflections increase relative to the features corresponding to the amorphous GeO X . There is relatively little signal indicating the presence of amorphous GeO X for samples processed at temperatures greater than 400 1C, suggesting that the GeO X is mostly converted to crystalline Ge and GeO 2 . We note the products that are exposed to environments with relatively high humidity (RH Z 50%) have reflections corresponding to hexagonal GeO 2 . However, samples that are prepared in low relative humidity (RH r 20%) do not show any reflections corresponding to crystalline GeO 2 (Fig. S2 , ESI †), and rather only have broad amorphous features which we assign to amorphous GeO X , since these features have equivalent width and position to the hydrolyzed GeCl 2 Ádioxane. These data suggest that the formation of crystalline GeO 2 results from exposure to atmospheric moisture. This is in line with a previous experimental study demonstrating that water can cause the transformation of amorphous GeO 2 to hexagonal crystalline GeO 2 .
27
Transmission electron microscopy (TEM) confirms the presence of Ge NCs at annealing temperatures at or above 325 1C (Fig. 2 and Fig. S3 , ESI †), with a measured d-spacing of 3.3 Å, consistent with the crystalline cubic Ge(111) plane. Particle size analysis of TEM images suggests that there is no trend in size with respect to processing temperature. This is different from the observation of Javadi et al. of a clear increase in nanocrystal size with increasing annealing temperature. 25 The Ge NCs are polydisperse and have different morphologies, which could be caused by the twostep heating procedure. 5 The presence of unreacted precursors and amorphous species are also observed in the vicinity of Ge NCs, the presence of which decreases with increasing reaction temperature ( Fig. S4-S9 , ESI †). This is consistent with XRD data that indicates the decrease of amorphous GeO X with increasing processing temperature (Fig. 1) . X-ray photoelectron spectroscopy (XPS) measurements quantify the distribution of oxidation states of hydrolyzed GeCl 2 Ádioxane before and after annealing at 250 1C. The measurements suggest a disproportionation process occurs during thermal annealing ( Fig. 3 and Fig. S12 , ESI †). As shown in Fig. S12 (ESI †), prior to annealing, the hydrolyzed GeCl 2 Ádioxane has signals from Ge, C, O as well as Cl. The presence of Cl likely indicates incomplete conversion of GeCl 2 Ádioxane to Ge(OH) 2 during the hydrolysis step. High-resolution XPS (Fig. 3) To better understand the formation of crystalline Ge at unprecedentedly low temperatures, we measured the Raman spectra of the GeCl 2 Ádioxane precursor before and after hydrolysis (Fig. 4a) . The peak of GeCl 2 Ádioxane at 316 cm À1 is attributed to the Ge phonon mode of a Ge-Cl stretch, 28 and the shoulder around 280 cm À1 is attributed to amorphous Ge. 29, 30 The entire Raman spectrum of GeCl 2 Ádioxane from 200 to 4000 cm À1 is shown in Fig. S13 (ESI †) and detailed Raman peak assignments are shown in Table S1 (ESI †). After hydrolyzing the GeCl 2 Ádioxane, the Ge-Cl stretch becomes relatively weak compared to the amorphous Ge signal, but is still present (Fig. 4a) . This is consistent with the Cl signal seen in XPS and confirms the presence of GeCl 2 before annealing (Fig. S12, ESI †) . Furthermore, a new Raman peak associated with an O-H bond at 3510 cm À1 appears after hydrolysis (as shown in Fig. S14 , ESI †), indicating that some of the GeCl 2 reacted with water to form Ge(OH) 2 . The presence of the peak associated with amorphous Ge is consistent with the XPS spectra that has photoemission from Ge 0 in the hydrolyzed GeCl 2 Ádioxane (Fig. 3) . After thermally annealing the hydrolyzed precursor at temperatures greater than or equal to 250 1C, peaks corresponding to Ge-Ge begin to appear, with Raman shift of around 285 cm À1 (Fig. 4b ).
This presumably indicates the formation of small Ge NCs or possibly nuclei at temperatures as low as 250 1C, consistent with observation of exotherm in DSC and the Ge 0 from XPS at 250 1C. As shown in Fig. 4b , the Raman peaks become more symmetric, sharper, and shift to higher wavenumbers with increasing processing temperatures (see Fig. S15 for more details, ESI †). Qualitatively, the change in peak shape indicates that the size of the Ge NCs increases with temperature, as is predicted by the phonon confinement model. [30] [31] [32] Compared to previous reports of Ge NC synthesis from oxide disproportionation, the approach reported here results in the formation of crystalline Ge at relatively low temperatures. 18, 23, 24, 33 While further work must be done to compare the crystallization dynamics between these approaches, there are some hints as to what could cause the different crystallization temperature. As previously mentioned, the XRD pattern of the hydrolyzed product has different amorphous feature locations from previous reports. 18, 23, 24, 33 Also, Raman and XPS results imply the presence of Ge-Cl bonds (see Fig. S12 (ESI †) for the survey XP spectrum of hydrolyzed GeCl 2 Ádioxane). Ge-Cl bonds have a lower dissociation energy than Ge-O (390.8 AE 9.6 kJ mol À1 and 652.7 AE 8.4 kJ mol À1 , respectively), suggesting Ge-Cl bonds can dissociate at a lower temperature than Ge-O bonds. 34 We speculate that this could contribute to the formation of Ge NCs at lower temperatures. The Ge NCs are functionalized using hydrogermylation. Briefly, the annealed GeO X glass is etched with warm water to dissolve GeO 2 and liberate freestanding Ge NCs, which are then dispersed in HF acid to terminate Ge NCs with hydrogen atoms. 23, 24 Finally, the H-terminated Ge NCs are dispersed in 1-octadecene and heated to 200 1C in an inert atmosphere to initiate hydrogermylation, terminating the Ge NC surfaces with 1-octadecene. TEM images of the passivated sample suggest that the GeO 2 and precursors are removed (Fig. S16, ESI †) . The main lattice spacing in selected area electron diffraction (3.3, 2.0, and 1.7 Å) corresponds to crystalline Ge, confirming the presence of Ge NCs. Fourier transform infrared spectroscopy shows the presence of Ge-C stretching mode, indicating the success of surface passivation (Fig. S17, ESI †) .
We attempted to measure photoluminescence (PL) from the hydrogen-terminated and 1-octadecene-terminated samples; however, no PL is detected in any sample. The absence of PL could arise from surface defects, dangling bonds from etching, impurities, or surface species that are not adequately removed during the etching process. The absence of PL is also reported for Ge NCs obtained using similar oxide-based solid-state synthesis. 24 In conclusion, we report the synthesis of Ge NCs using solidstate disproportionation of a chloride-derived GeO X glass. XRD and TEM results showed the presence of crystalline Ge particles at processing temperature as low as 325 1C. TEM results also indicated the nanocrystals were highly polydisperse with irregular morphologies. XPS and Raman spectra provided insights into the mechanism by which the NCs were formed, with residual Cl present in the GeO X precursor and Ge with short-range order being formed at temperatures as low as 250 1C. XRD data indicated the GeO X precursor had amorphous features that were shifted to a higher 2y compared to prior reports. The Ge NCs obtained with this method could be surface-passivated with an organic ligand using hydrogermylation. Compared to other methods for creating Ge NCs, this method takes relatively little time and does not require the use of strong acids or highly exothermic reactions and thus has potential for being scaled up easily, providing a promising route for large-scale synthesis of Ge NCs for various applications. However, better control over size and morphology would be desirable for many applications. Support for the Raman spectroscopy measurements was provided by the U.S. Department of Energy, Office of Science, Basic Energy Sciences, Chemical Sciences, Geosciences, and Biosciences Division. The Raman spectroscopy research was performed at the Ames Laboratory, which is operated for the U.S. DOE by Iowa State University under contract # DE-AC02-07CH11358.
